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Periventricular crossroads of pathwaysBrain white matter connections have become a focus of major interest with important maturational processes
occurring in newborns. To study the complex microstructural developmental changes in-vivo, it is imperative
that non-invasive neuroimaging approaches are developed for this age-group.
Multi-b-value diffusionweighted imaging datawere acquired in 13 newborns, and the biophysical compartment
diffusion models CHARMED-light and NODDI, providing new microstructural parameters such as intra-neurite
volume fraction (νin) and neurite orientation dispersion index (ODI), were developed for newborn data.
Comparative analysis was performed and twenty ROIs in the white matter were investigated. Diffusion tensor
imaging and both biophysical compartment models highlighted the compact and oriented structure of the
corpus-callosum with the highest FA and νin values and the smallest ODI values. We could clearly differentiate,
using the FA, νin and ODI, the posterior and anterior internal capsule representing similar cellular structure but
with different maturation (i.e. partially myelinated and absence of myelin, respectively). Late maturing regions
(external capsule and periventricular crossroads of pathways) had lower νin values, but displayed signiﬁcant
differences in ODI. The compartmented models CHARMED-light and NODDI bring new indices corroborating
the cellular architectures, with the lowest νin, reﬂecting the late maturation of areas with thin non-myelinated
ﬁbers, and with highest ODI indicating the presence of ﬁber crossings and fanning.
The application of biophysical compartment diffusion models adds new insights to the brain white matter
development in vivo.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).Introduction
While the majority of the brain cellular components are established
prior to birth, postnatal development ismarked by theirmaturation and
reorganization (Kostović et al., 2014). Differentiation of neuronal types,
dendritic arborization, axonal ingrowth, outgrowth and retraction,
synaptogenesis and myelination are the most pronounced processes
spanning from the late prenatal period to the ﬁrst three years of life
and beyond (Brody et al., 1987; Judaš, 2011; Kang et al., 2011; Miller
et al., 2012; Penny, 2012; Yakovlev and Lecours, 1967). Development
and establishment of axonal pathways, pre-myelination and ﬁnal
myelination of ﬁber bundles, are one of the most intriguing research
ﬁelds in humanneurobiology. Establishment of axonal pathways, usuallyoMedicale (CIBM-AIT), Ecole
-1015 Lausanne, Switzerland.
. This is an open access article underencompassing overproduction and retraction, is hierarchically organized
and spans from early fetal to early postnatal period (Kostovic and
Jovanov-Milosevic, 2006; Vasung et al., 2010). It is followed by axonal
myelination that starts in central regions and progresses towards the
poles (Brody et al., 1987; Flechsig Of Leipsic, 1901; Judaš et al., 2011;
Miller et al., 2012; Yakovlev and Lecours, 1967), beginning in the last
trimester of pregnancy but continuing until early adolescence (Paus
et al., 2001; Yakovlev and Lecours, 1967). Modiﬁcation of these early
establishments of brain microstructural networks has been linked to
many neurodevelopmental and neuropsychiatric disorders both in
childhood and adulthood (Bullmore and Sporns, 2009). To study the
duration, complexity, and species-speciﬁc features of brain microstruc-
tural development processes properly, it is imperative that noninvasive
methodological approaches within the ﬁeld of neuroimaging are devel-
oped for these speciﬁc time periods.
Diffusion magnetic resonance imaging (dMRI) has demonstrated its
unique ability to non-invasively investigate cellular architecture of thethe CC BY license (http://creativecommons.org/licenses/by/3.0/).
289N. Kunz et al. / NeuroImage 96 (2014) 288–299developinghuman brain. dMRI is considered today as a safe and suitable
technique for studying the human fetal and neonatal brain (Hüppi and
Dubois, 2006). Diffusion tensor imaging (DTI) parameters have been
shown to depict the early organization of white matter ﬁber bundles
(Baratti et al., 1999; Huang et al., 2012; Hüppi et al., 1998; Neil et al.,
1998), to follow brain maturation (Forbes et al., 2002; Gilmore et al.,
2007; Provenzale et al., 2010) and to be of great utility in probing
brain injury (Hüppi et al., 2001; Inder et al., 1999; Vasung et al.,
2013). Despite the valuable information that DTI provides about the
general organization andmaturation of ﬁber bundles, the interpretation
of the changes on a cellular scale remains very challenging (Pierpaoli
et al., 1996). For example, it remains impossiblewith DTI to differentiate
myelination from compaction or an increase in number of ﬁbers, which
all would result in an increase of FA (Beaulieu, 2009).
Recent advances in dMRI present new opportunities to examine
brain development. Using biophysical models of brain tissues it is
possible to relate diffusion-weighted signals directly to the underlying
cellular microstructure (Alexander et al., 2010; Assaf and Basser, 2005;
Barazany et al., 2009; Behrens et al., 2003; Stanisz et al., 1997; Zhang
et al., 2011, 2012). Of particular interest are two techniques, CHARMED
and NODDI, which are suitable for implementation in routine clinical
protocol.
They utilize, within the DW signal, diverse representations of brain
cellular compartments based on the local diffusion process, such as
restriction, hindrance or free diffusion. Stanisz et al. (1997) divided
the diffusion signal into three compartments representing different
central nervous system cell types. They proposed a sphere for the glial
cells and ellipsoids for the axons with water exchanging between the
intra- and extra-axonal compartments. Following this work, several
models, focusing on a better representation of the axonal space, have
been published: (i) Axon modeling by parallel sticks (Behrens et al.,
2003); (ii) composite hindered and restricted model of diffusion
(CHARMED), which represents the intra-axonal space by parallel cylin-
ders with radii following a gamma distribution (Assaf and Basser,
2005); and (iii) other models that go further by ﬁtting the axonal diam-
eter distribution (Barazany et al., 2009) or using a single index of the di-
ameter distribution in the ActiveAx technique (Alexander et al., 2010;
Zhang et al., 2011). All these models are potentially more sensitive to
cellularmicrostructure and able to extract parameters of the cellular ge-
ometry, axonal density and axonal diameter. However, theirwide adop-
tion is limited by demanding hardware requirements, such as high
maximum gradient strength (N60 mT/m), and/or long acquisition
time (Alexander et al., 2010; Dyrby et al., 2013).
To overcome this problem of implementation on clinical systems,
Zhang et al. (2012) recently proposed a new compartmentmodel called
neurite orientation dispersion and density imaging (NODDI) that
extends the study of brain tissue microstructure from white matter to
gray matter (GM) in the adult brain. The NODDI model introduces an
orientation dispersion index (ODI) to model the dispersion/fanning of
the axonal ﬁbers or dendrites. As a result, the NODDI model can addi-
tionally be used to investigate the dendritic packing and arborization
as done for example in GM (Jespersen et al., 2012; Winston et al.,
2014). The extension of the biophysical diffusionmodel to less coherent
cellular structure such as found in GM supports the application to the
immature newborn brain. Furthermore, it has been demonstrated in
the adult brain, that intra-neurite volume fraction (νin) and ODI were
able to disentangle themicrostructural effects underlying FAwith an ac-
quisition time comparable to conventional DTI.
The newcellularmicrostructural parameters derived fromCHARMED
and NODDI models, such as νin and ODI, have the potential to provide
new markers to study the complex process of human brain develop-
ment. However, to the best of our knowledge, these techniques have
yet to be applied to the immature brain. The present study aims to
establish the feasibility and utility of these two techniques in neonatal
imaging. Our speciﬁc objectives were to: 1. Demonstrate the feasibility
of multi-b-value shell DWI acquisition and the application ofbiophysical compartment diffusion model in human newborns. 2. Es-
tablish themost suitablemodel for a neonatal study. 3. Establish norma-
tive parameter values of biophysical compartmentmodels in newborns
at term. 4. Compare ﬁber bundleswith different stage ofmaturation and
to corroborate ﬁndings to current knowledge from previous histology
studies (Brody et al., 1987; Judaš, 2011; Miller et al., 2012; Yakovlev
and Lecours, 1967). In order to establish the most suitable model for
neonatal study, two biophysical compartment models, with different
levels of complexity, were compared to each other and to conventional
DTI: 1. a white matter model, “CHARMED-light”, estimating the intra-
axonal fraction, which is based on CHARMED (Assaf and Basser, 2005)
but adopts various simpliﬁcations that are used in the NODDI model;
and 2. a whole brain model, NODDI (Zhang et al., 2012), estimating
the intra-neurite volume fraction, the intra-voxel axonal orientation
dispersion, and signal fraction from free water. A preliminary version
of this work was reported in Kunz et al. (2013).
Materials and methods
Subjects
Thirteen newborns (gestational age at birth: 30 to 40 weeks) were
scanned at term (40th week of gestation). All the infants were scanned
in natural sleep without sedation. Heart rate and blood saturation were
monitored transcutaneously in the MR scanner. The newborns were
tightly wrapped and positioned in a vacﬁx pillow. Special ear muffs
were used to protect them from scanner acoustic noise. This study
was performed in agreement with the local ethical committee and
parents gave their written informed consent.
MR acquisition
All imaging was conducted on a Magnetom 3T TimTrio Siemens
system (Erlangen, Germany) using a 32-channel head coil. First, high-
resolution T2 weighted anatomical images were acquired in order to
identify the main brain structures to position the slices of the DW
images. T2-weighted images were acquired using a turbo spin-echo
(TE/TR = 150/4600 ms, acquisition time = 5 min 30 sec) with an in-
plane resolution of 0.8 × 0.8 mm2 and a slice thickness of 1.2 mm.
A multi-b-value shell DWI protocol was acquired using a single shot
echo-planar sequence, with the twice refocused spin-echo and diffusion
encoding scheme to minimize eddy-current induced distortions (Reese
et al., 2003). The acquisition parameters were: TE/TR = 93/3500 ms,
acquisition matrix 80 × 80, resolution of 2 × 2 × 2 mm3, with 22 slices
centered on the corpus callosum (CC). A total of 66 DWI were acquired,
three of them were b0 reference images. The remaining 63 were
separated in 5 shells with the following distribution (# of directions/
b-value in s/mm2): 6/50; 9/250; 12/700; 16/1400; and 20/2500. All 63
directions were non-collinear and were uniformly distributed in each
shell (Assaf and Basser, 2005). The acquisition time was 4 min.
Data preprocessing
Prior to reconstruction, slices corrupted by motion were excluded
from the analysis with an in-house automated procedure based on
signal intensity drop. Exclusion was veriﬁed with visual inspections
for false positive and negative. On average 2.5% of the total number of
slices were discarded per subject. A diagrammatic representation of
the full data-processing pipeline is presented in Fig. 1.
DTI
Diffusion tensor (DT) was reconstructed for each subject with
Camino (Cook et al., 2006) using a linear regression to the logarithm
of the measurement algorithm (Basser et al., 1994). To mimic conven-
tional DTI, performed usually with a single b-value of 1000 s/mm2,
Fig. 1.Data processing diagram. 1. After acquisition DWI are sent to 2. a quality control routine. 3. A Diffusion tensor is reconstructed and used to 4. generate a study-speciﬁc DT-template.
5. ROIs are drawn manually on the template and then back transformed to the subject space to then 6. performed statistics. 3.B In parallel, the same data-sets are used to reconstruct
CHARMED and NODDI. 5. B Transformation estimated in 4. can be used to create subject average model derived parameter scalar maps.
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1400 s/mm2 and the number of diffusion directions to 43. The usual
DT metrics were calculated; the fractional anisotropy (FA), the mean
diffusivity (MD) given by the mean value of the three eigenvalues, the
axial diffusivity (AD) equal to the highest eigenvalue and the radial
diffusivity (RD) equal to the mean of the second and third eigenvalue.CHARMED-light
The CHARMED-light model is a simpliﬁed version of the CHARMED
model proposed by Assaf and Basser (2005). It is composed of three
compartments: restricted, hindered and isotropic compartments. The
restricted compartment, which represents the intra-axonal space (νia),
is modeled as sticks. The sticks capture the highly restricted diffusion
perpendicular to the axons with a perpendicular diffusivity equal to 0
and free diffusion along the neurite with a longitudinal diffusivity
equal to 2 × 10−3 mm2/s.The hindered compartment, which represents the extra-axonal
space (ea), is modeled as a cylindrically symmetric tensor. The principal
diffusion direction of the tensor is aligned with the intra-axonal com-
partment and with an equal longitudinal diffusivity of 2 × 10−3 mm2/s.
The radial diffusivity was estimated using the tortuosity model where
RDea = (1 − νia)Dea (Szafer et al., 1995), as adopted in the NODDI
model (Zhang et al., 2012). Finally, the diffusivity of the isotropic com-
partment was ﬁxed to the one of free water 3 × 10−3 mm2/s to model
the CSF while the volume fraction was deﬁned as νiso. The DW signal
was thus modeled using the following equation:
S=S0 ¼ 1−νisoð Þ  νia  Sia þ 1−νiað Þ  Seað Þ þ νiso  Siso: ð1Þ
The model for the signal thus has three components: the intra-
axonal signal (Sia), the extra-axonal signal (Sea) and the isotropic signal
(Siso). The extra-axonal volume fraction (νea) by deﬁnition is equal to
(1−νia). A total of 4 parameters were estimated, with νia, νiso and two
angles deﬁning the ﬁber orientation.
Fig. 2.Mean RGB and FA maps of the study-speciﬁc DT template over the 13 subjects with the 20 white matter ROIs overlaid (top and bottom row respectively).
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The NODDI model provides a uniﬁed model for gray and white
matter microstructure. It uses the same compartmentalization as the
CHARMED-light model, i.e. restricted, hindered and isotropic, but
adopts the Watson distribution to model the orientation distribution
of the sticks (Zhang et al., 2012). The Watson distribution enables the
modeling of highly coherent white matter tracts, as CHARMED, as well
as highly dispersed structures such as dendritic aborization in GM.
Therefore in contrast to CHARMED, the restricted compartment repre-
sents both the axons and dendrites and is described through intra-
neurite volume fraction (νin). The dispersion of the sticks is summarized
by the scalar-valued orientation dispersion index (ODI), which brings
the total number of parameters estimated in this model to ﬁve.1
S=S0 ¼ 1−νisoð Þ  νin  Sin þ 1−νinð Þ  Senð Þ þ νiso  Siso ð2Þ
The model for the signal thus has three components: the intra-
neurite signal (Sin), the extra-neurite signal (Sen) and the isotropic
signal (Siso). The extra-neurite volume fraction (νen) by deﬁnition is
equal to (1 − νin). A total of 5 parameters were estimated, with νin,
νiso, ODI and two angles deﬁning the ﬁber orientation.
Both CHARMED-light and NODDI models were ﬁtted using the
NODDI toolbox.1
Model comparison and correlation
The ﬁtting quality of the different models was estimated voxelwise
using the Bayesian information criterion (BIC) over all the 66 directions
for all three-reconstruction models, to account for the differences of
complexity of the tested models (Penny, 2012). BIC model scores were
ranked voxelwise and the average model goodness-of-ﬁt ranking over
the different ROIs was computed (BICrk), showing the fraction of pixels
in each region in which the BIC ranks the model (1st/2nd/3rd).
Inter-model parameter correlations were estimated using a
Spearman's rank correlation coefﬁcient.1 NODDI Matlab toolbox, http://www.nitrc.org/projects/noddi_toolbox/Normative parameter maps of CHARMED and NODDI
The diffusion tensor (DT) was spatially normalized to the study-
speciﬁc DT template using DTI-TK (Zhang et al., 2006). The regions of
interest (ROI) were drawn on the DT study-speciﬁc template and
were then transformed back to the subject space in order to compute
ROI-averaged estimates of DTI, CHARMED and NODDI maps. Twenty
different white matter regions were identiﬁed on the DT-template
(Fig. 2).Markers of newborn white matter maturation
Region speciﬁc differences were tested pair-wise using a non-
parametric Mann–Whitney test and Bonferroni correction was applied
to take into account themultitude of statistical testing involvingmultiple
ROIs and multiple parameters of each model. Based on a signiﬁcance
threshold of 0.05 and after correction for multiple comparison, the
signiﬁcance thresholds for p-value are equal to 0.05 / (20 · ⋅) = 0.0006
for DTI and NODDI and 0.05 / (20 · ⋅) = 0.0008 for CHARMED-light.Results
The optimized multi-b-value shell protocol was successfully
implemented on a 3T clinical system and the optimized maximal
b-value of 2500 s/mm2 resulted in an acceptable TE of 93 ms, ensuring
a good SNR of 20 ± 2 over the 13 subjects in the b0 images. All data-
sets were successfully reconstructed with the three models (DT,
CHARMED-light and NODDI) and show comparable ﬁtting quality
(Fig. 3 and Table 1). On average, only 2.5% of the slices per subject
were discarded during the quality control routine based on signiﬁcant
signal loss due to motion artifact.Model comparison and correlation
After ranking the BIC score on a pixel-based, NODDI clearly distin-
guishes itself in all ROIs; the differentiation between CHARMED-light
and DTI is less clear (Table 1, BICrk).
Fig. 3. Scalar maps from two typical subjects for the three reconstruction model DT, CHARMED-light and NODDI (form left to right). The intra-and extra-axonal/neurite volume fraction
maps (tνia/n and tνea/n)wereweighted by the isotropic volume fraction (1− νiso) for a better rendering. Orange arrows: corpus callosumand internal capsule; ref arrows: external capsule;
blue arrows: CSF and ventricles; yellow arrow: Sylvian ﬁssure; green arrows: periventricular crossroads of pathways; red dotted circle: cortical projection.
292 N. Kunz et al. / NeuroImage 96 (2014) 288–299As expected from their analogous conception, CHARMED-light νia
values were consistent with NODDI νin (Fig. 4). However, by not
modeling the effect of ﬁber dispersion, CHARMED-light underestimates
νia compared to NODDI.
Consistent with the ﬁndings in the adult brain, fractional anisotropy
measured fromDTI shows the strongest correlationwith the orientation
dispersion index of NODDI (Fig. 4). In contrast, FA values show weaker
correlation to CHARMED-light νia and even lower values in correlation
to NODDI νin (Fig. 4). The νia and νin show the strongest correlation to
the DTI RD (Fig. 4). No correlation was found between the DTI axial
diffusivity and compartment model derived parameters (data not
shown).
Normative scalar parameter template maps and values
Subject's DT imageswere all registered together into a study-speciﬁc
template using DTI-TK (Zhang et al., 2006). The resulting DT template
was of excellent quality and all main ﬁber tracts of the human newborn
were clearly identiﬁable (Figs. 3 & 5). The template was reconstructed
with an isotropic resolution of 1.3 mm3 allowing the accurate delinea-
tion of 20WMROIs (Fig. 2). The same estimated spatial transformations
from subject's space to study-speciﬁc DT template space were used to
generate the scalar template maps of the biophysical compartment
models CHARMED-light and NODDI. The resulting scalar template
maps were of good quality and resulted in high resolution maps of the
newborn brain white matter cellular micro-structures (Fig. 5).
The intra-axonal/neurite volume fraction maps calculated from
CHARMED-light and NODDI showed very similar pattern. They were
overall consistent to the known newborn brain anatomy: the highest
values occurred in the main white matter tracts of the newborn (i.e. cc
and plic, orange arrows in Figs. 3 & 5) and in general higher values
were found in the white matter tracts than in the gray matter. A few
regions break that rule, the external capsule (ec, red arrow, Figs. 3 &
5) and the frontal and occipital periventricular crossroads of pathways(fcp and ocp, green arrows Figs. 3 & 5) show lower νia/n values than
GM. In the DT maps, the same regions (ec, fcp and ocp) were also
highlighted in the diffusivity maps with high AD and RD values, which
is consistent with a large extra-neurite space or in other words a small
intra-neurite space.
The isotropic volume fraction maps of both CHARMED-light and
NODDI allow a clear delineation of the CSF-ﬁlled space such as the
ventricles (blue arrows, Figs. 3 & 5). CSF contamination was also seen
in the superior portion of the Sylvian ﬁssure (yellow arrows, Figs. 3 &
5). NODDI νiso maps show also some signiﬁcant contribution in the
periventricular areas (fcp and ocp, green arrows Figs. 3 & 5).
In the ODImaps fromNODDI, themain newbornwhitematter tracts
are revealed as regions with very low dispersion. The white matter
tracts are highlighted by ODI and FA in a similar way, but with an
inverted contrast (red dashed ellipse, Figs. 3 & 5).
Markers of newborn white matter maturation
The statistically-signiﬁcant regional differences of selected parame-
ters are shown in Fig. 6 and the mean ROIs values of all the derived
parameters are summarized in Table 1.
White matter regions containing projectional and callosal ﬁbers
Early maturing ﬁber bundles were clearly highlighted in the intra-
axonal/neurite volume fraction of CHARMED-light and NODDI template
scalar maps (Fig. 5). Indeed, the central callosal ﬁbers (splenium, genu
and body part of the corpus callosum, cc-sp, -ge and -bd, respectively)
and regions containingmajority of the projectionﬁbers (within posterior
and anterior limb of the internal capsule, plic and alic respectively)
show the highest νia/n values compared to almost all other areas (excep-
tions: CHARMED-light — alic vs. ec and ilf-ifof; NODDI — alic vs. ec and
thr-post). FA, ODI and νia/n of CHARMED-light andNODDI all distinguish
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293N. Kunz et al. / NeuroImage 96 (2014) 288–299the anterior limb of the posterior limb of the internal capsule, with
higher νia/n and FA values and lower RD and ODI for the plic.
FA and ODI show signiﬁcant differences between cc-sp and cc-bd/
-ge, while CHARMED-light and NODDI νia/n show higher value in the
cc-sp compared to the cc-ge values. However, no distinction was
made between the cc-ge and cc-bd using any of the parameters, except
RD showing higher diffusivity in the cc-bd.
Periventricular crossroads of pathways andwhitematter regions containing
cortico-cortical associational ﬁbers
Regions containing long association ﬁbers (inferior longitudinal and
fronto-occipital fasciculus cingulum and U-ﬁbers; ilf-ifof, cg and uf) and
also the external capsule (ec) have very close νia/n values derived from
CHARMED-light and NODDI model. Despite that they show a large
spread in FA and ODI values. FA shows the highest values in ilf-ifof
(containing long cortico-cortical associational ﬁbers) followed by ec
and forceps minor (fmin) afterwards (containing associational and
projectional ﬁbers) and inversely for ODI values. The νia/n and FA
showed the lowest value range in regions containing mostly the short
associational U-ﬁbers and periventricular crossroads of pathways
while ODI showed thehighest values for these regions. In periventricular
crossroad areas differences were found between CHARMED-light and
NODDI (Fig. 6). Furthermore CHARMED-light νia made a distinction
between fpc and opc. ODI showed statistically signiﬁcant differences
when comparing regions containing short and regions containing long
associational ﬁbers, with ilf-ifof having a low dispersion index while
superior part of the frontal gyrus (fg-wm)having the highest dispersion
index.
Discussion
This work demonstrates the feasibility of using multiple b-value
shell dMRI with the multi-compartment diffusion models, CHARMED-
light and NODDI, in non-sedated human newborns. dMRI was acquired
with a maximal b-value of 2500 s/m2, short acquisition time (4 min)
and appropriate handling of the newborns. Conventional DTI recon-
structions, performed on the same data-sets, were in good agreement
with literature (Bashat et al., 2007; Dubois et al., 2006; Hüppi et al.,
1998; Partridge et al., 2004) andwere used to generate a high resolution
and a study-speciﬁc DT template (Wang et al., 2011). Twenty ROIs,
placed in the white matter, were investigated. All three methods
highlighted the compact and oriented structure of the corpus-callosum
with the highest FA and νia/n values and the smallest ODI values. We
could clearly differentiate, using the FA, νia/n and ODI, the posterior
and anterior internal capsule representing similar cellular structure
but with different stage of maturation (i.e. partially myelinated and
absence of myelin, respectively). Thus we were able to depict the
spatio-temporal differences of the maturation of the white matter
during the neonatal period.
Model comparison and correlation
The good agreement between CHARMED-light and NODDI derived
parameters with the newborn cellular architecture known from histol-
ogy (Brody et al., 1987; Yakovlev and Lecours, 1967) demonstrates the
reliability of the application of compartmented models in the human
newborn. This result is further supported by the similar contrast found
between CHARMED-light and NODDI νia/n maps (Fig. 3) demonstrating
the good consistency between bothmodels. Moreover, based on the BIC
model selection, the NODDI model describes most accurately the
diffusion mechanisms in white matter with one ﬁtting parameter less
than DTI. It also demonstrates the importance of the integration of the
additional ODI parameters. Indeed, whereas the intra-axonal/neurite
volume fractions estimated from CHARMED-light and NODDI were
very similar for several ROIs (e.g. ec, ilf-ifof and fmin, Fig. 5), ODI was
Fig. 4. Inter-model metric comparisons. Scatter plot of the different derivedmodel parameters of the 20 ROIs over the 13 subjects. Colors represent the different ROIs, see Fig. 2 for details.
Rho corresponds to the correlation estimated with a Pearson test.
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regional differences proving the importance of modeling ﬁber disper-
sion to obtain high sensitivity to cellular microstructure. Similarly, as
already conﬁrmed in adults (Zhang et al., 2012), by modeling the intra-
voxel ﬁber dispersion it avoids the under estimation of the intra-
axonal volume fraction of the CHARMED-light model (Fig. 5) as illus-
trated in the fpc and opc regions (Fig. 6).
The model derived parameter correlation provides some new
insights on the underlying contribution of the fractional anisotropy. In
agreement with the ﬁndings in the adult brain (Zhang et al., 2012),
the FA can be disentangled into two independent contributions: i) the
neurite density (νin)with aweak positive correlation; and ii), the axonal
orientation dispersion (ODI) with a strong negative correlation (Fig. 5).
The intra-axonal/neurite volume fraction shows stronger correlation to
the radial diffusivity, which was also reported with a more complex
model that estimates the axon diameters (Alexander et al., 2010).
Markers of newborn white matter maturation
One of the principal aims of our study was to identify new bio-
markers of white matter maturation in the developing human brain
using new approaches in diffusionmagnetic resonance imaging. Several
previous studies were able to assess thematuration of the white matter(Bashat et al., 2007; Dubois et al., 2006; Hüppi et al., 1998; Partridge
et al., 2004) but only by assessing the FA and ADC values of dMRI.
With the new approach proposed here wewere able to depict the com-
ponents of the white matter microstructure (intra- and extra-neurite
compartments) and their geometrical organizations (dispersion level)
that contribute to the FA changes of the whitematter during the neona-
tal period. One of the hallmarks of postnatal white matter maturation is
retraction andmyelination of the axonal pathways. Retraction and reor-
ganization of prenatally established axonal pathways (LaMantia and
Rakic, 1990) are one of the main factors contributing to the changes in
geometrical organization of the axons.
Myelination of axonal pathways, on the other hand, is a long lasting
process (Miller et al., 2012). It starts in central regions andcontinues out-
ward to the poles, with posterior sites preceding the fronto-temporal
(Brody et al., 1987; Yakovlev and Lecours, 1967). As a result, only the
posterior limb of internal capsule is partially myelinated at term while
association ﬁbers (e.g. ilf-ﬁfo and fg-min) and periventricular areas
(fpc and opc) mature postnatally (Brody et al., 1987; Judaš et al., 2011;
Kostović et al., 2014; Miller et al., 2012; Yakovlev and Lecours, 1967).
Compared to the anterior limb of the internal capsule, all three
methods used in this study identiﬁed the myelinated ﬁbers of the plic
that had signiﬁcantly higher FA and νia/n compared to the alic (com-
posed out of the projectional cortico-basal ganglia and thalamocortical
Fig. 5. Study-speciﬁc template scalar maps for the three reconstruction models DT, CHARMED-light and NODDI (form left to right). The intra-and extra-axonal/neurite volume fraction
maps (tνia/n and tνea/n) were weighted by the isotropic volume fraction (1− νiso) for a better rendering. Orange arrows: corpus callosum and internal capsule; ref arrows: external
capsule; blue arrows: CSF and ventricles; yellow arrow: Sylvian ﬁssure; green arrows: periventricular crossroads of pathways; red dotted circle: cortical projection.
295N. Kunz et al. / NeuroImage 96 (2014) 288–299ﬁbers of the frontal lobe). Our results suggest that plic (composed out of
the earliest maturing ﬁbers, projectional ﬁbers like cortico-spinal tract
and optic radiation) at the neonatal period has themostmatureﬁber or-
ganization (low ODI, highest CHARMED-light and NODDI νia/n). No sig-
niﬁcant difference was found in νia/n between the plic and the corpus-
callosum, which is unmyelinated at birth (Yakovlev and Lecours,
1967). Only NODDI, based on the orientation dispersion, showed that
plic has higher ODI values compared to the cc-sp and cc-ge (Fig. 6).
The higher dispersion in plic leads to its lower FA, despite the pres-
ence of myelin. The similar νia/n measured in both cc and plic (Fig. 6)
could be attributed to the high packing density of axonal ﬁbers in cc,
compensating its lack of myelin (only 3.4% of axons are myelinated in
the corpus callosum of primate at the time of birth) (LaMantia and
Rakic, 1990), compared to the relatively lower packing density of the
already myelinated ﬁbers in the plic. This is consistent with ex-vivo
ﬁndings that provide evidence for the cc to be the most densely packed
and organized tract (exceeding the number of ﬁbers present in the adult
at least 3.5 times) (LaMantia and Rakic, 1990) yet still unmyelinated
during early postnatal development (Yakovlev and Lecours, 1967).
The number of cc ﬁbers is established by competitive elimination
and retraction during the ﬁrst years after birth (LaMantia and Rakic,
1990). Therefore, its high FA at birth accounts for the high packing
density of numerous unmyelinated axonal ﬁbers. Furthermore, at the
time of birth genu and spleniumof cc contain the highest axonal density
(1000 axons/μm2), which is not the case in the adult brain (LaMantia
and Rakic, 1990). Regional comparison of axonal composition of cc in
newborns showed that genu and body contain less uniform axons
(broader span of diameter) while splenium contains thinner and more
uniform axons (LaMantia and Rakic, 1990). Also, the body of corpus
callosum in the newborn is the only region of corpus callosum that
has small portion of myelinated axonal ﬁbers. Additionally, perinatal
reorganization of corpus callosum in primates, spanning from lasttrimester of pregnancy to ﬁrst fewmonths postnatally, is accomplished
by rapid and substantial retraction of axons in genu and body (LaMantia
and Rakic, 1990) and slow rate of axonal loss in splenium. In agreement
with previously stated, NODDI and CHARMED-light νia/n revealed
higher intra-axonal/neurite volume fraction, axonal density, in the
splenium of cc when compared to the genu and body (Fig. 6). The
speed of axonal retraction through swelling (LaMantia and Rakic,
1990) and destruction (slower rate in cc-sp and rapid in ge-cc) might
leave their geometrical structure intact (compact and dense packing of
axonal walls or their remnants) but underlie differences seen in νia/n
(increased permeability of axonal skeleton) (Fig. 6). Nevertheless, cc
measurements were contaminated by the adjacent presence of ventri-
cles, resulting in a contribution about 20% of the isotropic compartments
(Table 1), whichmay inﬂuence our ﬁndings, especially the intra-neurite
volume fraction of these regions.
Compared to the cc, lower ODI values in the plic followed by lower
ODI values in alic reﬂect the spatio-temporal maturation of the white
matter by distinguishing the microstructural components of maturing
axonal pathways (over production of numerous non-myelinated ﬁbers
in cc, tightly packed myelinated ﬁbers plic and non-myelinated ones
in alic) (Fig. 6, NODDI-ODI).
The periventricular crossroads of pathways (green arrows, Figs. 3 &
5) and subplate zone, containing short associational U-ﬁbers (Kostović
et al., 2014), are areas abundant in hydrophilic extracellular matrix.
Furthermore, periventricular crossroads of pathways contain the
complex grid of axonal pathways (Judas et al., 2005). Within six
periventricular crossroads of pathways the axons run in radial
(thalamocortical), sagittal (associative) and transverse (callosal) direc-
tions (Judas et al., 2005; Vasung et al., 2011). In the newborn period
within the subplate zone (transient fetal zone below the cerebral cortex
serving as ‘waiting compartment’ for axonal ﬁbers), abundant hydro-
philic extracellular matrix provides the medium for ingrowth of short
A B
C D
Fig. 6.Bar graphs ofmodel derived parameters averaged over the 13 subjects in the 20WMROIs. A.Mean fractional anisotropy (FA) values fromDTImodel. B.Mean orientation dispersion
index (ODI) from the NODDI model. C. Mean intra-axonal volume fraction (νia) from the CHARMED-light model. D. Mean intra-neurite volume fraction (νin) from NODDI. ROIs are rank
ordered for each individual metrics (decreasing in A, C and D and increasing in B). Error bars represent the standard deviation over the subjects. Differences between ROIs are shown in
binary correlation matrices below the related bar graph. A level of signiﬁcance was set at p b 0.05 with Bonferroni correction for multiple comparison (c.f. the Materials and methods
section). Black color: statistically signiﬁcant; white color: not statistically signiﬁcant.
296 N. Kunz et al. / NeuroImage 96 (2014) 288–299associational cortico-cortical ﬁbers (U-ﬁbers), known to mature last
(Kostovic and Jovanov-Milosevic, 2006; Kostovic and Rakic, 1990;
Kostović et al., 2014; Vasung et al., 2010).DTI derived parameters provide some evidence of the large extra-
neurite space with the smallest FA values and highest diffusivities
(Fig. 6 and Table 1) but does not reﬂect accurately the complex WM
297N. Kunz et al. / NeuroImage 96 (2014) 288–299ﬁber organization of these regions. The compartmented models
CHARMED-light and NODDI bring new indices corroborating the cellu-
lar architectures known from histology, with the lowest νin, reﬂecting
the late maturation of these areas with thin non-myelinated ﬁbers,
and with highest ODI indicating the presence of ﬁber crossings and fan-
ning ﬁbers (Fig. 6). Furthermore, CHARMED-light νiamade a distinction
between fpc and opc with the lowest values, as NODDI compensate for
the large neurite dispersion in these regions resulting in an intra-neurite
volume fraction comparable to most of the other WM regions.
ODI showed statistically signiﬁcant differences when comparing
regions containing short and long associational ﬁbers, with ilf-ifof hav-
ing the low dispersion index while fg-wm having the highest
dispersion index. Furthermore, regions containing not only the long
association ﬁbers (ilf-ifof and fmin), but also the external capsule (ec)
showed very close νia/n values derived from CHARMED-light and
NODDI model. In contrast, regions containing short associational
cortico-cortical ﬁbers showed the lowest νia/n values. Therefore large
spread in FA values in regions containing late maturing cortico-cortical
ﬁbers reﬂects the microstructure of tightly packed long cortico-cortical
pathways (high νia/n values, low dispersion index) and dispersed
short cortico-cortical ﬁbers (low νia/n values, high dispersion index,
high νea/n values) in the newborn brain.
Themultiple cellular sources of the FA values in the developing brain
could be identiﬁed by CHARMED and NODDI and provide potential
microstructural markers of the regional white matter maturation. The
periventricular crossroads are themost common sights of injury in pre-
mature births (Hüppi, 2004; Perlman, 1998) and are important for the
proper axonal guidance and tangential migration of neurons deriving
from the ganglionic eminence (Lopez-Bendito et al., 2006; Metin and
Godement, 1996). The more precise deﬁnition of the cellular changes
related to the regional maturation of the connections during the early
development is therefore of great value. We suggest that the NODDI
model could also assess the protracted intracortical myelination in
humans, crucial for development of human speciﬁc cognitive abilities
(Miller et al., 2012).
Some of the ROIs were contaminated with partial volume with
the adjacent ventricles and show signiﬁcant νiso values (cc-sp, cc-ge,
cc-bd, ilf-ifof). The NODDI reconstruction model in a few other regions
also shows that the isotropic compartment contribution may be signif-
icant without the presence of CSF or ventricles in the neighborhood
(fpc, opc, fmin and the posterior part of the superior longitudinal
fasciculus, slf-post).
With the novel CHARMED-light and NODDI parameters we were
able to identify microstructural components of (i) early maturing,
(ii) partially mature or (iii) immature WM regions of the newborn
brain; (i) regions containing tightly packed andmyelinated projectional
ﬁbers, (ii) regions containing tightly packed unmyelinated ﬁbers such
as long associational and callosal cortico-cortical connections and
(iii) regions of periventricular crossroads and subcortical white matter
containing loosely packed fanning ﬁbers or short cortico-cortical ﬁbers
and abundant extracellular space.
Model considerations
The simpliﬁcations of themodels (Alexander et al., 2010; Panagiotaki
et al., 2012; Zhang et al., 2012) and the optimization of the acquisition
protocol (Alexander, 2008) to the newborn and clinical environment
play an important role in the feasibility of this study. The acquisition
time and themaximal b-valuewere the twomain experimental limiting
factors. The ﬁrst onewasminimized to avoidmotion artifacts and/or an
interruption of the acquisition while the newborn wakes up involun-
tary. Optimization of the b-values utilized in the model was crucial to
implement on a clinical scanner, with a theoretical maximum gradient
strength of 40 mT/m on our system. The resulted TE of 93 ms was
acceptable as newborn brain experiences slower transverse relaxation
compared to the adult (Deoni et al., 2012) and thus ensure sufﬁcientSNR for the model ﬁtting. More complex diffusion models, which esti-
mate the axonal diameter (Alexander et al., 2010; Assaf et al., 2008;
Barazany et al., 2009; Zhang et al., 2011), would provide very valuable
metrics to investigate axonal development, but are too demanding for
the current clinical scanners.
The most important simpliﬁcations were made with respect to the
external compartment in the twomodels. The constraint of a symmetric
diffusion ellipsoid and a tortuositymodel for the radial diffusivity, mean
the external compartment properties is indirectly estimated from the
intra-neurite compartment metrics. These hypotheses may be invalid
in the newborn brain, where the extra-neurite space is larger than in
the adult due to the lack of myelin, and thus the coupling between the
intra- and extra-neuritemay beweaker. However, in the very immature
regions fpc and opc, NODDI overcame the problem with a signiﬁcant
contribution of the isotropic compartment to account for the large
extra-neurite space of these regions (green arrows, Fig. 3). It also
demonstrates the large ﬂexibility of this model with only ﬁve free
parameters to model the underlying architecture.
Another limitation, common to all compartment models, occurs in
region with crossing ﬁbers, where a single intra-neurite compartment
is not sufﬁcient to capture the true ﬁber bundles organization. Even
though neither CHARMED-light nor NODDI can distinguish multiple
distinct ﬁber bundles inside a single voxel, the ODI of NODDI provides
an indication of the presence of multiple ﬁber bundles with higher
estimates (e.g. fpc, opc and uf, Table 1) than regions known to have a
single ﬁber population (e.g. cc, plic and cing). This problemmight how-
ever be solved by using algorithm to estimate the number of distinct
ﬁber bundles per voxel (e.g. Alexander et al., 2002), to set the number
of intra-neurite compartments prior to ﬁtting in combination with
extensions to the NODDI and CHARMED-light models to include multi-
ple ﬁber populations.
Recent development has shown that the acquisition protocol could
be simpliﬁed and include only two b-value shells and that the maximal
b-value could be reduced to 2000 s/mm2 (Zhang et al., 2012;Winston et
al., 2014). The reduction of the number of shells will allow a denser dis-
tribution of the diffusion gradient sampling directions in the remaining
shells and improve ﬁber orientation and dispersion estimation. By re-
ducing the maximal b-value, the sequence echo-time could be also
shorten and thus result in higher SNR.
Conclusions
In conclusion, we demonstrate the application of multi-compartment
models to separate the microstructural factors contributing to the DTI
ﬁndings in newborns, and the development of connections, which
include ﬁber density, thickness, degree of myelination and ﬁber geom-
etry like fanning or dispersion.
With the novel CHARMED-light and NODDI parameters wewere able
to identify microstructural components of early maturing (myelinated
and tightly packed plic), partially mature (long associational and callosal
cortico-cortical connections having the tightly packed unmyelinated
ﬁbers) and immature (short cortico-cortical ﬁbers and periventricular
crossroad of pathways having the less tightly packed and incoherently
oriented ﬁbers surrounded with abundant extracellular space) white
matter regions of the newborn brain.
We also propose a complete processing pipeline using open source
software including the generation of study-speciﬁc DT template to the
reconstruction of advanced diffusion models such as CHARMED-light
and NODDI.
The limited spread of age between subjects and the unique time
point at term equivalent age assessed in the current study restrained
the investigation of developmental changes in speciﬁc ﬁber tracts.
Therefore, future work should focus on the acquisition of longitudinal
data-sets to follow the development and to providemore precise evolu-
tion of the microstructural metrics. In addition, the extension of the
NODDI model to the gray matter with its ODI parameter is believed to
298 N. Kunz et al. / NeuroImage 96 (2014) 288–299bring new insights on the cortical maturation, especially about the
dendritic aborization and intracortical myelination.
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